1.. Introduction
================

Trypanosomatids are widespread parasites, which infect a wide range of vertebrates, invertebrates and plants \[[@r1]-[@r6]\]. Within the Trypanosomatidae family, *Trypanosoma cruzi*, *Trypanosoma brucei* and different species of the *Leishmania* genus stand out due to their importance in public health, being respectively the etiological agents of Chagas disease, African trypanosomiasis and *Leishmaniasis*, infecting around 20 million people worldwide \[[@r7]\].

Trypanosomatidae family is part of the Excavata supergroup, one of the earliest divergent branches of the eukaryotes \[[@r8], [@r9]\]. These parasites have some peculiar aspects such as: (I) polycistronic transcription of most of their genes \[[@r10], [@r11]\]; (II) genes organized in densely packed directional clusters \[[@r12]\]; (III) transcription of protein-coding genes by RNA polymerase I \[[@r11], [@r13]-[@r15]\]; (IV) RNA trans-splicing of polycistronic transcripts to generate mature mRNA molecules \[[@r16], [@r17]\]; (V) regulation of gene expression mainly by post-transcriptional mechanisms (revised by \[[@r18]-[@r20]\]); (VI) RNA editing to generate mitochondrial functional mRNAs \[[@r21]-[@r25]\]; and (VII) tolerance to aneuploidies \[[@r26]-[@r29]\].

As these parasites have a life cycle that alternates between vertebrate and invertebrate hosts, their distinct life stages are adapted to survive in each of these different environments. In the mammalian host, *T. cruzi* is able to invade any nucleated cells, while *Leishmania* is restricted to phagocytic cells and *T. brucei* does not invade cells, surviving and proliferating in the host bloodstream.

The *Leishmania* genus is further divided into three distinct subgenera: *Leishmania*, *Viannia* and *Sauroleishmania*. The *Leishmania* subgenus comprises Old and New World species that are associated with visceral or cutaneous forms of leishmaniasis, and develop in the midgut and foregut of the sand fly vector \[[@r30]\]. *Viannia* subgenus is constituted by New World species that only cause cutaneous forms of the disease and develop in the vector hindgut \[[@r30]\]. Finally, *Sauroleishmania* is a subgenus composed by species that infect lizards, and are incapable of replication within mammalian macrophages \[[@r31]-[@r33]\]. *T. brucei* is divided in three subspecies: *T. b. brucei*, *T. b. gambiense* and *T. b. rhodesiense*. Approximately 90% of the human infections in 24 countries of central and west Africa are caused by *T. b. gambiense*, while *T. b. rhodesiense* is responsible for acute cases in east and southern Africa and *T. b. brucei* is usually associated with animal infections, although sporadic human infections have been reported \[[@r34]\]. *T. cruzi* taxa is further divided into six Discrete Typing Units (DTUs), named TcI-TcVI, where TcV and TcVI are hybrids resulting from the fusion of parental strains from the TcII and TcIII DTUs \[[@r35]-[@r38]\].

Since 2005, the sequencing of the Trypanosomatidae genomes provided important datasets for comparative analysis, shedding light on our understanding of mechanisms associated to parasitism and genome evolution within this family \[[@r12], [@r39]-[@r45]\]. Even though they diverged around 200 to 500 million years ago, trypanosomatid species contain large syntenic genomic regions mostly composed by housekeeping genes, suggesting that there is a strong selective pressure to keep the gene order in these parasites \[[@r12]\]. These syntenic regions are interspersed by clusters of species-specific multigene families related to the parasitic lifestyle, structural RNAs and retroelements, which vary greatly in size and content among species and even within species \[[@r12], [@r18], [@r41]-[@r43]\]. While these species-specific clusters are enriched in subtelomeric regions in *T. brucei*, they are distributed in internal chromosomes and subtelomeric regions in *T. cruzi* CL Brener and *Leishmania* \[[@r12]\].

The advent of next-generation sequencing technologies allowed several trypanosomatid genomes to be sequenced in high depth coverage at a low cost, providing insights into copy number variation events in these parasites \[[@r26], [@r27], [@r29], [@r46]-[@r48]\]. In fact, for several trypanosomatid genes there is a correlation between copy number and expression rates \[[@r11], [@r49], [@r50]\], which is especially interesting in these organisms that mostly regulate their gene expression post-transcriptionally. Chromosomal Copy Number Variation (CCNV) is a new level of copy number variation, in which a whole chromosome is duplicated or lost. This phenomenon has already been described in several *Leishmania* species and *T. cruzi* DTUs \[[@r26]-[@r29], [@r46]\], as well as in yeast and mammalian cells \[[@r51]-[@r56]\], and could be related to a rapid adaptation to new environments and stress conditions. In this review, we delve into the gene and chromosomal copy number variations in Trypanosomatids and their biologic implications.

2.. Gene copy number variation in Trypanosomatids
=================================================

Gene copy number variations have gained considerable attention as a potential source of diversity and as an important evolutionary factor affecting fitness \[[@r26], [@r27], [@r57]-[@r63]\]. This is a well-documented mechanism to alter gene expression and increase sequence variability, through the generation of paralog genes \[[@r41], [@r61]-[@r66]\]. These paralog genes may present an accelerated evolutionary rate \[[@r62], [@r67], [@r68]\], resulting in several consequences, such as: (i) neofunctionalization of duplicated genes; (ii) subfunctionalization of duplicated genes by segregation of a multifunctional gene in two genes with single functions; (iii) differential expression of duplicated genes in distinct tissues or development stages by changes in their regulatory regions \[[@r62], [@r63], [@r69]-[@r73]\].

Trypanosomatid lifecycle involve the transition between different hosts and a series of morphological changes in response to the distinct pressures within their hosts. Recent studies have suggested that in response to these transitions, these parasites have developed adaptive mechanisms such as changes in mRNA levels due to gene dosage. These mechanisms exploit unique characteristics related to the genome organization of these parasites. So far no canonical RNA polymerase II promoter has been identified in these organisms and their genes are transcribed as long polycistronic units \[[@r11], [@r74], [@r75]\]. Genes derived from the same polycistron may not be functionally related and may have very distinct mRNA levels. The polycistrons are processed as mature monocistronic mRNAs by the addition of a 39 nt spliced leader RNA to the 5' of the transcript and polyadenylation to its 3′ end \[[@r17], [@r76], [@r77]\]. These features imply that Trypanosomatids mainly rely on post-transcriptional mechanisms to control gene expression. These mechanisms include mRNA processing and stability, translation efficiency, and protein stability \[[@r20], [@r78]-[@r80]\].

Genomic plasticity in trypanosomatids in response to changes in the environment conditions can affect whole chromosomes or be restricted to specific genomic regions and includes aneuploidy, gene amplification or deletion \[[@r58], [@r62]\]. This phenomenon also occurs in fungi and cancer cells where changes in gene copy number can modulate drug susceptibility, virulence and proliferation \[[@r56], [@r81]\]. In *Leishmania*, it has been documented that increased gene copy number modulate gene expression in response to environmental changes within its host as well as after exposition to stressors, such as drug selection \[[@r26]\].

In trypanosomatids, the evolution of parasitism appears to have been shaped by a series of gene losses and gains \[[@r61], [@r62], [@r82], [@r83]\]. Among the genes that were likely lost during the origin of trypanosomatids are diverse enzymes involved in polysaccharide degradation like β-glucosidases or glucoamylases that are required for processing of bacterial prey \[[@r83]\]. In addition, this process of reduction affected several pathways of catabolism, macromolecular degradation and transport.

Adaptation to a parasitic lifestyle in trypanosomatids also included gain of novel functions that could allow survival inside a host. This is revealed by the abundance of gene families that are unique or specific to each of these parasites \[[@r83]\]. Many of these gene families encode surface proteins, which are the main interface between the host and the parasite, suggesting that the divergence of trypanosomatid genomes was ruled at least partially by the evolution of multigene families \[[@r82], [@r83]\].

In *Leishmania* parasites, these multigenic families include amastins, GP63, cysteine peptidases and surface antigen proteins \[[@r82], [@r83]\]. Amastins are poorly functionally characterized surface glycoproteins that are preferentially expressed in the intracellular amastigote stage. Phylogenetic analyses have revealed that this family consists of four subfamilies termed α, β, γ and δ amastins and that an expansion of the latter appear to be key for the evolution of parasitism in *Leishmania* \[[@r84]\]. The composition of the amastin family varies between species with an increased δ-amastin repertoire in *L. (Viannia) braziliensis, L. (Leishmania) mexicana* and *L. (Leishmania) major* than in the other species \[[@r82]\]. These differences in amastin content on *Leishmania* genomes may be a reflect of the distinct environments for which different human-pathogenic *Leishmania* species have adapted.

Another important cell surface family that participates in parasite invasion and immune evasion is the zinc-metallopeptidase GP63. This multigene family has a wide substrate specificity and is preferentially expressed in *Leishmania* promastigotes \[[@r85], [@r86]\]. Among the diverse functions of this family are midgut attachment, protection of parasites against digestive enzymes inside the sand fly host \[[@r85], [@r87]\] and inactivation of complement mediated lysis by cleavage of C3b and inhibition of antimicrobial agents' production by the interaction with JAK kinases in the vertebrate host \[[@r88]-[@r90]\]. The GP63 family appears to be organized into three distinct subfamilies that have undergone expansion events during the evolution of trypanosomatids with clear differences in the number and structure of these genes between species \[[@r82], [@r91]\]. For instance, GP63 of the *L. (Sauroleishmania) tarentolae* are smaller, lack extracellular regions, present a smaller catalytic domain and appeared to have limited protease activity compared with other species \[[@r82], [@r92]\]. This limited GP63 functionality in this species is in accordance with its lack of intracellular development, different vector and vertebrate host (lizard). In contrast, the GP63 repertoire of the *Viannia* species is greater than the other two subgenera and is composed of tandem gene arrays \[[@r82]\]. The presence of these genes in a head-to-tail fashion may correspond to an adaptive mechanism to rapidly increase gene dosage.

Peptidases are key parasite components that mediate differentiation and immune evasion during the initial steps of infection through the interaction with proteoglycans at the host cell surface \[[@r93]\]. These peptidases play immunomodulatory roles, suppressing Th1 type response delaying parasite clearance. Although trypanosomatids appeared to have lost various ancestral cathepsin genes, the remaining cathepsin-L family appeared to have been key for these parasites given the series of expansions it underwent during parasite evolution \[[@r83]\].

Among the trypanosomatids, *T. cruzi* presents the largest expansion of multigene families, many of them encoding surface proteins, which accounts for its larger genomic size (\~55MB), compared to the genomes of *L. major* (\~33MB) and *T. brucei* (\~26MB) \[[@r12]\]. As these surface proteins are directly related to host-parasite interactions, the increased variability of *T. cruzi* multigene families could be a consequence of the broader range of mammalian hosts that this parasite can infect, as well as its unique ability among the Tritryps to actively infect any nucleated host cell \[[@r94]-[@r97]\]. This vast number of host cells/species exposes *T. cruzi* to different evolutionary pressures, which could be a driving force for diversification \[[@r98]\]. In fact, a significantly larger fraction of *T. cruzi* protein coding genes shows evidence for positive selection to diversification when compared to *Leishmania* genes \[[@r98]\].

The content of multigene families also varies among *T. cruzi* DTUs, where the expansion of these families account for the 5.9 Mb increased size in the genome of the CL Brener (TcVI) strain when compared to the Sylvio X10/1 (TcI) strain \[[@r42], [@r43], [@r99]\]. Among the most studied *T. cruzi* multigene families are the trans-sialidase, MASPs and mucins, which respectively have approximately 1500, 1400 and 850 genes in the hybrid CL Brener genome \[[@r41], [@r64]\]. Trans-sialidases catalyze the transfer of sialic acid from host glycoconjugates to β-galactopyranose acceptors in the mucin proteins, generating a negative coat that confers protection against the alternative complement and antibody opsonization \[[@r99]-[@r103]\]. This family is also enrolled in cellular adhesion and invasion of epithelial \[[@r104]\], neural and glial cells \[[@r105]\] and stimulates anti-apoptotic signals in these infected cells \[[@r106], [@r107]\]. Mucin glycoproteins covers the whole parasite outer membrane with 2x10^6^ copies \[[@r101], [@r108]\], protecting the parasite from both the insect and mammalian host's defense mechanisms and acting in cellular adhesion/invasion processes \[[@r99], [@r101]\]. MASPs are characterized by conserved N- and C- terminal regions, which respectively encode a signal peptide and a GPI anchor addition site, flanking a hypervariable central region \[[@r41], [@r64]\]. As these flanking regions are cleaved from the mature protein, only the hypervariable region is exposed at the parasites' surface \[[@r41], [@r64]\]. Although the biologic function of this family is still unknown, there is evidence that it could act in cellular adhesion/invasion processes \[[@r64], [@r109], [@r110]\], or in immune evasion strategies as expressed members of this family vary in a given population \[[@r111]\] and after successive passages in mice \[[@r110]\].

Interestingly, the *T. cruzi* closely related parasite *T. rangeli*, which is not able to establish a productive infection in mammals, has a massive reduction in the number of members of these three multigene families \[[@r45]\], supporting the importance of these families to *T. cruzi* mammalian cell infection.

Differently to what is found in *T. cruzi* CL Brener \[[@r112]\] and *Leishmania major* \[[@r12], [@r40]\], *T. brucei* multigene families' clusters are enriched in sub-telomeric regions \[[@r12], [@r39]\]. These clusters are mainly composed by Variant Surface Glycoproteins (VSGs) and Expression Site Associated Genes (ESAGs), which are enrolled in *T. brucei* antigenic variation \[[@r12], [@r39]\]. VSGs are highly antigenic surface proteins, which contain N-terminal hypervariable domains that are exposed extracellularly and conserved C-terminal domains that are buried into the parasite's coat \[[@r113], [@r114]\]. *T. b. brucei* genome has \~800 different VSGs, where 7% of these genes are functional, 9% are atypical genes with folding limitations, 18% are gene fragments and 66% are full-length pseudogenes (with frameshifts or in-frame stop codons) \[[@r12], [@r39]\]. *T. brucei* explores this pseudogene sequence arsenal to increase VSG variability by creating functional chimeric genes through gene conversion \[[@r115]-[@r118]\]. As this parasite develops exclusively extracellularly during the mammalian host infection stage, it is constantly exposed to the host's humoral immune response. To evade antibody complement mediated lysis, *T. brucei* relies on cell specific monoallelic expression of VSGs, a process called antigenic variation. In a population, each *T. brucei* cell covers its entire surface with \~10^7^ copies of a single VSG, which shield other invariant antigens present in the parasite surface \[[@r39], [@r115], [@r119]\]. As the majority of the population express the same variant, a strong immune response focused on a specific VSG is established and greatly reduce the parasitemia. However, a subset of the population express a different variant, which is not promptly recognized by the hosts' immune system, and therefore expands in the population. This process generates successive waves of parasitemia and clearance as novel antigenic determinants spread in the parasite population \[[@r39], [@r115], [@r119]\]. VSGs sequence also vary among *T. brucei* subspecies. A comparison between the gene sequences of *T. b. brucei* VSGs with the unassembled reads from *T. b. gambiense* revealed that these subspecies shared \~43% of similarity in the VSG repertoire, which suggests that there is a strong positive selection for diversification, or at least a relaxation of purifying selection in *T. brucei* genes encoding surface proteins \[[@r48]\].

The massive expansions seen in multigenic families in trypanosomatids constitute an important evidence of specialization that these parasites have to undertake to survive, as they have to deal with different stressors within their hosts. While *T. cruzi* and *Leishmania* use this arsenal of proteins to invade and survive inside the host cell, the largest *T. brucei* multigene families are involved in antigenic variation to evade humoral response and survive into the host bloodstream. The continuous selective pressure imposed by the immune system, together with the adaptation to different hosts, provided an ideal environment for microevolution, challenging the ability of the host to control the infection and of the parasite to ensure its survival.

3.. Chromosomal Copy Number Variation in Trypanosomatids
========================================================

Aneuploidy, the presence of abnormal number of chromosomes in a cell, is usually lethal or results in severe abnormalities in superior multicellular eukaryotes, greatly reducing organism fitness \[[@r120]\]. Among its most common examples are the trisomy of the chromosome 21 in Down syndrome, aneuploidies in sexual chromosomes (as the triple X, Klinefelter and XYY syndromes) and tumorigenesis \[[@r121]-[@r123]\]. However, some unicellular organisms such as *Saccharomyces cerevisiae* and *Candida albicans* appear to rely on aneuploidy as one of the mechanisms to allow rapid adaptation to changing environments, suggesting that the variation in chromosome number could also have a positive fitness effect in stress conditions and drug resistance \[[@r53]-[@r55]\]. Extensive aneuploidies have been described in eukaryotes such as mice hepatocyte cells \[[@r52]\], yeast, carcinomatous lung cells \[[@r51], [@r53]-[@r55]\], trypanosomatid parasites of the *Leishmania* genus \[[@r26], [@r27], [@r59], [@r91], [@r124]-[@r126]\] and in several *Trypanosoma cruzi* strains \[[@r28], [@r29]\].

As cytogenetic analyses are hampered in trypanosomatids by the lack of chromosome condensation during mitosis, there are currently two complementary and alternative methodologies to estimate CCNV in these parasites: Fluorescence *in situ* hybridization (FISH) \[[@r26], [@r124]\], and Whole Genome Sequencing (WGS) followed by Read Depth Coverage (RDC) and allele frequency \[[@r26], [@r27], [@r29]\] analyses. While FISH allows the simultaneous identification of aneuploidies in each cell in a given population, it is laborious and usually restricted to few chromosomes \[[@r124], [@r127]\]. On the other hand, WGS followed by RDC analyses provides a population level snapshot of all the chromosomes, as well as the simultaneous comparison of CCNV, genotype and allele frequency. However, it lacks the single-cell resolution provided by FISH \[[@r27], [@r127]\].

Both techniques were employed in parasites from the *Leishmania* genus, showing that variations in the ploidy appear to be widespread among and within species \[[@r27]\], strains \[[@r26], [@r27]\] and even within the same parasite population \[[@r59], [@r124], [@r125]\]. Based on the read depth coverage and allele frequency, the chromosomal copy number variation among *L. major* (strains Friedlin and LV39), *L. mexicana* (strains U1103, M379), *L. infantum* (JPCM5), *L. donovani* (strains BPK206/0 and LV9) and *L. braziliensis* (M2904) was estimated, showing extensive variation in chromosomal gain/loss within *Leishmania* species \[[@r27]\]. In fact, with the exception of the two *L. major* strains (Friedlin and LV39), all *Leishmania* isolates presented a different pattern of aneuploidies, suggesting that chromosomal duplication/loss is a common phenomenon in this parasite.

Interestingly, chromosome 31 was consistently polysomic in all the evaluated *Leishmania* strains \[[@r26], [@r27], [@r46], [@r91]\]. Gene ontology revealed that this chromosome is enriched with genes enrolled in iron metabolism, electron carrier activity and calcium-dependent cysteine-type endopeptidase activity \[[@r91]\]. Iron-sulfur proteins are crucial for the parasite survival, as it mediates oxi-reduction reactions during mitochondrial electron transport, been also involved in the synthesis of amino acids, biotin and lipoic \[[@r128]\]. The expansion of these genes could be one of the driving forces for chromosome 31 amplification in *Leishmania* \[[@r91]\]. RNA-seq analysis in *L. mexicana* showed that chromosome 30, which is also polysomic in this species and corresponds to chromosome 31 in other *Leishmania* species, is enriched for amastigote upregulated genes. A total of 79 (19%) genes had at least a \>2-fold increase in mRNA levels in amastigotes compared to promastigotes, including amastins, amino acid- and other transporters as well as hypothetical proteins \[[@r129]\]. Several of these genes are known to be involved in survival strategies in the mammalian host, such as amino acid transporters, tryparedoxin, ABC transporters and aquaglyceroporin, suggesting that the duplication of this chromosome could favor parasite adaptation to the vertebrate infection \[[@r129]\]. Leishmania chromosome 31 is also syntenic to a duplicated region in *T. brucei* genome, which comprises the right end of both chromosomes 4 and 8 \[[@r62]\]. Although there is a widespread gene loss in these duplicated regions of *T. brucei* chromosomes 4 and 8, approximately 47% of the duplicated genes are retained in both chromosomes as paralogous loci \[[@r62]\]. Among these retained paralogs, there is an over representation of secreted and surface-protein encoding genes, suggesting a bias towards important factors at the host-parasite interface \[[@r62]\].

To date, the strain *L. braziliensis* M2904 is the only trypanosomatid predominately triploid \[[@r27]\], while all the other evaluated strains are usually diploid with some or several duplications or deletions of chromosomes \[[@r27], [@r46], [@r91]\]. This suggests that, even though aneuploidies are widespread in *Leishmania*, the overall ploidy of the population has a tendency to diploidy. Dowins and co-workers showed that the aneuploidy pattern also diverges in 17 *L*. *donovani* strains that were recently isolated from patients in Nepal and India \[[@r26]\]. Interestingly, all the 17 *Leishmania* isolates had a different karyotype, while they presented only 0.011% of variation in their nucleotide sequences. This implies that CCNV events occur frequently during parasite evolution \[[@r26], [@r59]\]. Besides, the identification of aneuploidies in natural populations reinforces the notion that changes in chromosomal numbers are not caused by long-term maintenance of the parasites in culture \[[@r59]\].

Some of the CCNV of *Leishmania* and *T. cruzi* strains estimated based on RDC showed an intermediate value of ploidy, for instance between 2 and 3, which may be a result of a mixed cell population with disomic and trisomic chromosomes \[[@r27], [@r29], [@r59], [@r91]\]. In fact, FISH analysis of seven chromosomes in the *L. major* strains Friedlin, LEM62 and LEM265 showed that the CCNV pattern of each of these chromosomes were observed in at least two states, among monosomic, disomic or trisomic within a given population \[[@r124]\]. The evaluation of aneuploidy based on FISH analysis of chromosomes in clones and sub-clones from *L. major* Friedlin, LEM62 and LEM265, revealed that they present a similar chromosomal ploidy pattern as their parental strains, for some, but not all chromosomes \[[@r124]\]. Moreover, the aneuploidy pattern varied among single cells in the same population, a phenomenon that was named mosaic aneuploidy \[[@r124], [@r125]\].

After its observation in different clones and strains from *L. major* \[[@r124]\], the occurrence of mosaic aneuploidy was also described in several *Leishmania* species, such as *L. infantum*, *L. donovani*, *L. amazonensis* and *L. tropica*, showing that this phenomenon is widespread in the parasite genus \[[@r126]\]. To explain the mechanism behind the generation of mosaic aneuploidy, a model based on mis-segregation or stochastic replication of chromosomes was proposed \[[@r124]-[@r126]\]. In this model, there is an asymmetric allotment of chromosomes during mitosis, resulting from replication defects that generate aberrant copy numbers of a given chromosome \[[@r59], [@r124]\]. Chromosomal segregation errors have yielded asymmetric even chromosome numbers (3+1 or 4+0) in SMC3 (central component of a complex that holds together sister chromatids during mitosis) knockdown *Trypanosoma brucei* \[[@r130]\]. However the total chromosome number in *Leishmania* in asymmetric sets was usually odd (1+2, 2+3 or 3+4) \[[@r124], [@r125]\], supporting replication defect events as the major driving force generating *Leishmania* aneuploidies (Fig. **[1](#F1){ref-type="fig"}**). The proportion of different somies observed in interphase and mitotic cells in *Leishmania* suggests that duplication or loss of chromosomes due to a failure in the replicative process is a usual phenomenon in *Leishmania* \[[@r124], [@r125]\]. In fact, it is estimated that only 10% of the cells in a *Leishmania* population would have the same genotype \[[@r124], [@r125]\].

Among the Tritryps, CCNV was also identified in the *Leishmania* close related parasite *T. cruzi*, based on tilling arrays \[[@r28]\] and WGS followed by RDC and allele frequency analyses \[[@r29]\]. Due to the presence of large gaps, as well as the extensive content of repetitive sequences in the 41 *T. cruzi* CL Brener putative chromosomes, the estimation of chromosomal gain/loss in *T. cruzi* based on RDC was performed by normalizing the sequence coverage using single-copy genes as markers for unique genomic sequences, as proposed in the SCoPE methodology \[[@r29]\]. Similarly to *Leishmania*, the aneuploidy pattern in *T. cruzi* also varies among and within DTUs, as seen by variations in TcI, TcII and TcIII strains \[[@r29]\]. Similarly to *Leishmania* species, the chromosome 31 was the only one consistently duplicated in all the *T. cruzi* strains \[[@r29]\]. Gene ontology analysis revealed however that this *T. cruzi* chromosome harbor different set of genes than *Leishmania* chromosome 31. In *T. cruzi*, this chromosome is enriched in genes related to glycoprotein biosynthesis and glycosylation processes, especially UDP-GlcNAc-dependent glycosyl-transferase, an enzyme related to the initial steps of mucin glycosylation \[[@r29], [@r101]\]. As mentioned before, mucins are heavily glycosylated proteins that are present in \~ 2x10^6^ copies covering the whole surface of the parasite. These proteins protect the parasite from both the vector and mammal immune systems, as well as act to ensure the anchorage point and invasion of specific cells and tissues by trypomastigotes \[[@r99], [@r101]\]. The amplification of chromosome 31 could be related to the need to glycosylate this large set of mucins, and also highlight the importance of glycosylation for *T. cruzi* biology. Although aneuploidies are frequent events in *T. cruzi* strains and *Leishmania species*, is it still unknown whether the mechanism behind the generation of chromosomal duplication/loss is similar in both parasites.

Interestingly, *T. brucei* appears to be strictly diploid \[[@r47]\]. Whole genome sequencing and RDC estimations of 85 *T. b. gambiense* group 1 field isolates from East and West Africa revealed no evidence of aneuploidies \[[@r47]\]. Similar results were obtained for the other two *T. brucei* subspecies, *T. b. brucei* and *T. b. rhodesiense* (Almeida *et al.*, unpublished data). This absence of aneuploidies in *T. brucei* is not a consequence of sexual reproduction, as *T. b gambiense* group 1 appears to be strictly clonal \[[@r47]\].

One of the restrictions to aneuploidy in *T. brucei* could be the chromosomal size. *T. brucei* genome is divided into 11 megabase sized chromosomes, which vary from 1 to 6 Mbp, while *T. cruzi* and *Leishmania* genomes are distributed into \~ 34-47 chromosomes, with a size varying from 0.3-3 Mbp \[[@r39], [@r41], [@r112], [@r131]-[@r133]\]. Changes in the copy number of specific chromosomes in *T. cruzi* and *Leishmania* would therefore alter the dosage of a restricted set of genes, avoiding detrimental consequences of large-scale dosage alterations \[[@r59]\]. This suggests that aneuploidies would be better supported in organisms that have its genome divided into a large number of small chromosomes; however, the evaluation of a CCNV in a broader set of species is necessary to confirm this hypothesis. Also, *T. brucei* appears to have a similar number of origins of replication (\~170) per haploid genome as *L. major*, *L. mexicana* and *L. donovani* (\~150-180) \[[@r134]\]. They also share a similar DNA replication speed rate that is 2.4-2.6kb/min for *Leishmania* and 1.9kb/min for *T. brucei*, which is in range to the highest replication fork ever reported: 1.9kb/min in transformed JEDD lymphoblastoid cells \[[@r134], [@r135]\]. Therefore, as there are no significant differences in the chromosomal replication speed and number of origins of replications in *Leishmania* and *T. brucei*, mosaic aneuploidy in *Leishmania* is probably caused by a leaking in the regulation of DNA replication, rather than by unique replication parameters \[[@r134]\].

As DNA replication and transcription share profound functional overlaps in trypanosomatids \[[@r136]\], and as they both frequently start at strand switch regions \[[@r136]-[@r138]\], a clash between the transcription and replication machinery could also be relevant to generate the aneuploidies in *Leishmania* and *T. cruzi*. In fact, although *Leishmania* appears to have more than one DNA replication starting site \[[@r134]\], there could be a preferential origin per chromosome, as suggested by genome-wide mapping analysis \[[@r138]\]. If this is the case, a clash between the transcription and replication machinery at the preferential starting site could result in a failure of duplication of a given chromosome. For this reason, an extra copy of a chromosome could be important to assure that at least one copy would be duplicated, avoiding detrimental haploidies.

Genetic exchange events have been documented during the evolution of the parasites *Leishmania* and *T. cruzi* \[[@r139]-[@r146]\]. As these parasites present an aneuploid number of chromosomes, one of the mechanisms that could be enrolled in their genetic exchange events is a parasexual cycle, similar to what is observed in *Candida albicans* \[[@r53]\]. According to this model, the fusion of parental aneuploid cells is followed by karyogamy, resulting in a polyploid progeny that undergo reductional mitotic divisions and genome erosion, generating different degrees of chromosomal duplications/losses \[[@r125], [@r147]\]. This assumption is further supported by the subtetraploidy found in *T. cruzi* experimental hybrids \[[@r148], [@r149]\], as well as by their \~70% higher DNA content when compared to the parental strains \[[@r150]\].

Although usually detrimental in the majority of superior eukaryotes \[[@r121]-[@r123]\], CCNV observed in *Leishmania* species and *T. cruzi* DTUs could provide several evolutionary advantages to these parasites (Fig. **[2](#F2){ref-type="fig"}**). A correlation between antibiotic resistance and CCNV based on transcriptional profiling by microarrays, southern blotting and comparative genomic hybridization was suggested in *L. major* and *L. infantum* \[[@r49], [@r50], [@r58]\]. Interestingly, these chromosomes reverted back to disomy in the absence of drug pressure, corroborating the extensive genomic plasticity of these parasites \[[@r49], [@r50]\]. On the other hand, RDC analysis found no clear link between aneuploidy and drug resistance in clinical isolates from *L. donovani* \[[@r26]\]. Mis-segregation and stochastic replication of chromosomes may also alter gene dosages in a single generation, allowing the parasite to quickly adapt to new environments as well as to the transition between the mammalian and invertebrate hosts \[[@r59]\]. Similarly, a mosaic aneuploidy state could generate a pool of phenotypes in the same population providing an increased adaptability, as distinct combinations of CCNV could be advantageous in different environments. If polysomy is stable for long evolutionary periods, it could also provide a selective advantage to the generation of novel functions in the duplicated chromosomes, as the ancestral gene function would be maintained in the original copy of the chromosome. Homologous recombination could then shuffle genes in aneuploid chromosomes, generating a variety of different phenotypes. As seen in yeast, deleterious mutations found in monosomic chromosomes could be rapidly eliminated \[[@r151], 152\], while beneficial mutations would be retained or even expanded to triploidy and tetraploidy states \[[@r124], [@r125]\]. Thus, the presence of mosaic aneuploid provides the parasite the means to rapidly adapt to different environments and stress conditions, as well as combine the advantages of monosomies and polysomies in the same population.

The presence of aneuploidies in *Leishmania* and *T. cruzi*, but not in *T. brucei*, suggests that the latter has lost the ability to maintain an aberrant copy number of chromosomes. The evaluation of CCNV in other pathogenic and non-pathogenic protozoan species, such as *Crithidia*, *Leptomonas*, *Endotrypanum*, *T. rangeli* and *T. cruzi marinkellei* could provide a better view of the distribution and frequency of aneuploidies, as well as its correlation with chromosomal size, further elucidating the mechanisms behind its evolution in trypanosomatids. The simultaneous evaluation of the ploidy of all chromosomes in several cells in a cloned population by Single-Cell Genome Sequencing (SCGS) could provide an accurate estimation of the ratio of CCNV events. Besides, the evaluation of CCNV by SCGS in populations exposed to different stressors could identify aneuploidy trigger agents. Finally, the combination of CCNV and RNA-seq analysis, with DNA and RNA extracted from the same population, could provide insights in the implication of aneuploidies in gene expression.

ConcluSION
==========

Over the last decade, advances in the determination of the biological relevance of gene and chromosomal copy number variations in trypanosomatids have been achieved, contributing to a better understanding of the driving forces behind the evolution of parasitism in this group of organisms. These parasites have developed a massive expansion of species-specific multigene families related to their adaptation to invade and survive in an intracellular host environment or to endure the hosts' humoral response in the bloodstream. The absence of orthologs for several of these large gene families in the highly syntenic genomes of the parasites *T. brucei*, *T. cruzi* and the *Leishmania* genus denotes the involvement of CNV in species-specific adaptations that happened during trypanosomatid evolution. Besides, the substantial reduction of these families in the non-pathogenic *T. rangeli* further reinforces the importance of the expansion of multigene families for the establishment of a productive infection in the mammalian host. CCNV is well tolerated and widespread in *Leishmania* and *T. cruzi*, allowing variations in gene dosage in a single replication cycle and providing rapid adaptation to different environmental stressors. Different patterns of aneuploidies are found among strains from the same species/DTUs and even within a same population, reinforcing that CCNV generation events occur frequently in these parasites. Interestingly, there is no evidence of aneuploidies in *T. brucei*, which could be a consequence of its large chromosomes sizes when compared with the fragmented chromosome architecture of *T. cruzi* and *Leishmania*. However, if *T. brucei* lost the ability to sustain aneuploidies, or if *Leishmania* and *T. cruzi* independently developed this feature is still unknown. The assessment of aneuploidies in other parasites such as *T. rangeli*, *T. cruzi marinkellei*, *Crithidia*, *Leptomonas* and *Endotrypanum* could shed light into the occurrence of CCNV during trypanosomatids' evolution and its implications for the biology of these parasites.
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![**Mosaic aneuploidy model proposed by Sterkers 2011 and Sterkers 2017** \[[@r124], [@r125]\]. During mitosis, there is an asymmetric replication of chromosomes followed by unequal division of the duplicated chromosomes to the daughters' cells. This process generates mosaic aneuploidies inside a *Leishmania* population. (**A**) Asymmetric division resulting in one diploid and one haploid cell, which happens when there is a failure in the duplication of a given chromosome. (**B**) Asymmetric division resulting in one diploid and one triploid cell, which happens when an extra copy of a chromosome is produced during mitosis.](CG-19-87_F1){#F1}

![**Major implications of the mosaic aneuploidy phenomenon.** This figure summarizes the expected evolutionary advantages of CCNV and aneuploidies in trypanosomatids.](CG-19-87_F2){#F2}

[^1]: *Both authors contributed equally to this work.*
